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The  purpose  of  this  program  is  to  study  the  effect  of 
factors  such  a  a  tool  shape,  bJov.  energy,  single  and  miv  up]  e 
location  impacts  and  spacing  on  the  fray  menu?  Lion  of  hard 
ro.;k.  The  major  activities  wit!' in  the  project  include; 

A-  Theoretical  Ana  lysi3  and  'Parameter  Study 

B.  Fracture  Tests  on  Bnrrc  Granite 

C.  Field  Tests  in  Various  Formations 


Annual  results  arc  reported  he  ,  ./  each  of  these 
activity  areas.  The  goal  of  the  progiv.%.  i-  to  obtain  a  bette  r 
understanding  of  mechanical  rock  breakage  in  order  to  provid. 
for  a  faster,  more  economical  method  of  underground  excava¬ 
tion  in  hard  rock  formations  to  be  eventually  developed. 
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TECHNICAL  REPORT  SUMMARY 

The  purpose  of  this  project  is  to  study,  by  means  of  theoretical 
analysis,  laboratory  experimentation,  and  field  testing,  the  effect  of  blow 
energy,  tool  shape,  single-  and  multiple-location  impacts  and  spacing  on 
the  fragmentation  of  rock,  in-situ  and  for  blocks.  The  overall  primary  goal 
is  to  obtain  a  better  understanding  of  mechanical  rock  breakage  which  can 
provide  a  faster,  more  economical  method  of  excavation,  tunneling,  or 
large-hole  drilling  in  hard  underground  rock  formations,  and  to  examine 
the  potential  special  advantages  with  respect  to  noise  and  dust  generation 
as  well  as  remaining  formation  lability  that  this  method  may  enjoy. 

During  the  first  meeting  on  the  High  Energy  Impact  Excavation 
Project,  the  utilization  of  the  high-energy  impact  tool  was  visualized  as 
occurring  in  a  two-step  process.  Flint,  one  must  produce  large  cracks 
in  the  rock  mass  and  then,  produce  secondary  fractures  fragmenting  the 
rock  into  pieces.  During  the  past  ycir  both  of  these  areas  were  studied, 
analytically  and  experimentally.  Excellent  quantitative  information  was 
obtained  which  will  provide  basic  information  for  all  future  work  on  the 
project. 

The  major  conclusions  reached  are  summarized  below. 

1.  A  qualitative  understanding  has  been  reached  regarding  the 
subsurface  fracture  produced  by  impact  in  rock. 

2.  Reproducible  and  controlled  cracking  is  obtained  with  a 
wedge-shaped  indentor, 

3.  A  quantitative  relationship  has  been  established  between 
blow  energy  and  crack  length  for  a  wedge-shaped  indentor. 

4.  Qualitative  as  well  as  quantitative  understanding  has  been 
reached  in  the  case  of  edge  fracture. 

5.  A  critical  level  of  blow  energy  exists  at  which  a  piece  of 
rock  breaks  out  from  the  edge. 

6.  The  volume  of  rock  broken  out  in  edge  fracture  is  princi¬ 
pally  a  function  of  edge  distance  and  tool  shape. 
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7.  Hatenyi's  analysis*  seems  to  explain  the  nature  of  the  edge 
fractal e.  More  rock  testing  will  be  needed  to  prove  the 
variation  of  critical  blow  energy  as  a  function  of  rock  ten¬ 
sile  strength  and  tool  wedge  angle. 

8.  Low  specific  energies  demonstrated  during  the  edge  frac¬ 
ture  tests  show  promise  for  a  tunneling  system  application. 


*  This  will  be  explained  in  detail  in  Section  II- B  of  this  report. 
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I.  OBJECTIVE  AND  SCOPE 

The  objective  of  this  research  program  is  to  study  the  effect  of  factors 
such  as  tool  shape,  blow  energy,  single-  and  multiple -location  impacts  and 
spacing  on  the  fragmentation  of  hard  rock  samples.  The  primary  goal  of  this 
work  will  be  to  obtain  a  better  quantitative  understanding  of  mechanical  rock 
breakage  which  can  provide  a  faster,  more  economical  method  of  excavation, 
tunneling,  or  drilling  in  hard  underground  rock  formations. 

The  work  is  divided  into  three  main  activity  areas;  these  are  as 
follows : 

1.  Analytical  and  experimental  study  of  subsurface 
cracking. 

2.  Analytical  and  experimental  study  of  edge  fracture 
(or  secondary  breakage). 

3.  Field  tests  in  various  formations. 

Each  of  these  areas  will  be  reported  upon  in  the  following  sections  of  this  re¬ 
port.  The  purpose  of  each  of  these  activity  areas  is  as  follows. 

I •  _ . £n?J)rtic?J _and  _Exj>  e  r  i  m e n ta  1_ S tu  d  y  _o_f_Subs_urf_a_c_e_ Cracking L 

This  work  is  aimed  at  providing  a  guide  for  the  application  of  high- 
blow  energy  impact  tools  in  rock  excavation.  Through  the  mathematical 
modeling  of  the  rock  impact  process,  utilizing  existing  and  modified  theories, 
relationships  were  sought  between  impact  tool  parameters  such  as  blow  en¬ 
ergy.  tool  shape,  etc.,  and  rock  properties,  which  can  be  used  in  designing 
and  operating  impact  excavation  equipment  for  tunneling  into  a  solid  face  of 
hard  competent  rock.  Of  principal  concern  is  the  relationship  between  tool 
and  rock  properties  in  terms  of  the  size  and  direction  of  subsurface  cracks 
which  can  be  produced. 

/llil.Vlta  l_Study_of  Edg^_Fracture  (or  Secondary  Breakage). 

This  work  is  aimed  at  providing  a  quantitative  description  of  this 
process  which  is  visualized  as  breaking  to  an  edge  in  the  rock  which  either 
pre-exists  or  is  created  in  a  massive  formation  by  fractures  produced  as  a 
result  of  a  sufficiently  high-blow  energy  primary  impact  (see  above).  Through 
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analytical  investigations  and  laboratory  testing  utilizing  our  drop  tower 
facility,  relationships  were  sought  among  blow  energy,  tool  shape,  edge 
distance,  and  material  removed  (spucific  energy  fracture)  for  Barre 
granite. 

3.  Field  Tests  in  Various  Formations. 


This  work  was  aimed  at  providing  preliminary  experience  in  in- situ 
rock  removal  for  hard,  massive  formations,  Through  these  field  tests,  an 
appreciation  of  the  actual  problems  which  would  be  encountered  using  the 
impact  rock  removal  process  during  tunneling  by  means  of  this  method  was 
gained.  To  date,  three  such  trials  ha^e  been  carried  out,  one  in  a  diabase 
formation  near  Belle  Mead,  N.  J.  and  two  in  a  granite  gneiss  formation 
near  Mt.  Hope,  N.  J.  The  field  testing  at  Belle  Mead  was  reported  upon  in 
the  Semiannual  Report.  Section  Il-C  of  this  report  covers  the  testing  at 
the  Mt.  Hope  quarry. 
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II.  MAJOR  ACCOMPLISHMENTS 


A.  _  _  Sub_s u_r f a  r  o  _C  r a  ck  i  n  u 
1.  Introduction 

Cratering  phenomena  related  to  indentation  of  rocks,  have  been 

observed  experimentally  and  studied  analytically  by  several  investigators 

^  3 

including  Fairhurst  and  l^acabannc  ,  Rcichmulh,  Paul  and  Sikarskr,  and 

4 

Sikarski  and  Miller  .  They  observed  that  when  weugc- shaped  and  button- 
shapad  tools  impact  rock,  the  rock  ahead  of  the  tool  is  crushed,  forming 
a  "crater,  "  and  then,  depending  upon  the  impact  energy,  chips  of  rocks 
may  break  out  at  the  surface.  In  addition,  they  invaribly  observed  that 
tensile  cxacks  of  rather  large  size  compared  to  crater  size  were  present 
at  the  bottom  of  the  crater.  However,  their  observations  on  subsurface 
cracking  were  essentially  qualitative.  From  the  start  of  the  program  on 
H»gh  Energy  Impact  Tunneling,  it  was  recognized  that  this  subsurface 
cracking  may  play  an  important  role  in  this  overall  rock  fragmentation 
process,  and  hence  we  set  out  to  determine  the  quantitative  relationships 
involved  in  subsurface  cracking. 

Earlier  workers  showed  that  for  impact  velocities  encountered  in  drilling, 
the  dynamic  effects  may  be  ignored.  Therefore,  they  modeled  the  wedge  in¬ 
dentation  arocess  by  a  line  load  on  an  clastic  half-space  and  were  puzzled  by 
finding  that  the  stresses  they  calculated  within  the  solid  were  everywhere  com¬ 
pressive  while  the  cracks  indicated  tensile  stresses.  At  this  point,  Paul  and 
Gangal^  used  a  more  realistic  model  by  assuming  a  quasi-hydrostatic  loading 
on  the  crater,  and  showed  that  around  the  crater,  one  component  of  the  stresses 
was  indeed  tensile  with  large  enough  magnitude  to  allow  tensile  cracking. 

Recent  work  of  Aquino^  at  Bell  Labs  appears  to  be  the  first  study  of 
the  quantitative  aspects  of  the  subsurface  cracking  phenomena  of  spherical 
indentors.  His  work  was  reviewed  in  the  semiannual^  report  on  this  project. 
From  analytical  expressions,  he  introduced  an  important  concept,  namely 
the  linear  relationship  between  contact  radius  of  the  indentor  and  the  crack 
size.  This  observation  >:an  be  used  with  a  modified  interpretation  to  deter¬ 
mine  crack  size  in  rock,  as  will  be  explained  later. 


*  Superscript  Numbers  indicate  References  in  Section  V. 
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In  what  follows,  we  will  report  first  upon  a  semi-empirical  model 
used  to  study  the  cracking  phenomena,  then  we  will  present  the  results  of  our 
experiments,  and  finally  we  will  state  the  conclusions. 

2.  Semi- Empirical  Model 

In  this  subsection,  we  will  consider  a  semi-empirical  model  for  an 
indentor  impacting  a  flat  surface  of  rock.  At  the  beginning  of  impact  the  in- 
dentor  and  the  rock  surface  are  deformed  elastically  according  to  the  Hertz 
theory  until  the  load  exceeds  the  crushing  strength  of  the  rock.  Above  this 
initial  crushing  point,  the  tool  creates  a  zone  of  highly-pulverized  rock  which 
we  call  a  "crater. "  The  powdered  rock  material  compacted  between  the 
crater  surface  and  the  tool  is  probably  under  a  "quasi-hydrontatir"  state  of 
compression.  Depending  upon  the  rock  properties  one  or  more  surface 
chips  may  also  be  formed  during  the  process  of  cratering.  However,  this 
chipping  (which  is  important  in  drilling)  need  not  concern  us  here.  In  the 
following  discussion  we  will  be  interested  in  investigating  the  effects  ul  the 
quasi-hydrostatic  loading  on  the  crater. 

Figure  1  shows  schematically  the  tool  indentation  process.  For  a 
spherical-tipped  indentor,  the  crater  will  be  idealized  simply  by  a  hemi¬ 
spherical  cavity  under  uniform  pressure,  bounded  by  a  semi-infinite  solid 
(rock)  as  also  shown  in  Fig.  1.  Alternately,  for  a  wedge-shaped  tool  the 
crater  will  be  idealized  by  a  pressurized  hemicylindrical  crater.  Although 
the  idealized  problems  look  simple  no  analytical  solutions  are  available  in 
the  literature.  Therefore,  it  was  decided  to  use  the  finite  element  method 
to  solve  the  idealized  crater  problem.  The  solution  for  the  hemispherical 
case  was  obtained  using  a  computer  programs  developed  for  the  stress 
stress  analysis  of  axisymmetric  solids.  Solution  for  the  hemicylindrical 
crater  is  taken  from  Paul  and  Gangal'*.  Since  all  geometric  dimensions  can 
be  scaled  in  terms  of  the  crater  radius,  R,  unit  crater  radius  was  used  in 
the  computation.  To  simulate  the  semi-infinite  nature  of  the  rock,  the 
outer  boundary  was  chosen  to  have  a  radius  which  was  cf  the  order  of  forty 
times  larger  than  the  crater  radius  and  a  stress  field  consistant  with  the 
theoretical  point  load  and  line  load  soultions  (for  details  see  Ref.  5). 

The  crater  pressure,  p,  is  very  difficult  to  measure.  It  is  a  function 
of  overall  tool  shape,  energy,  and  rock  type.  Let  us  non-dimensionalize  the 
stresses  with  respect  to  the  pressure,  p.  For  simplicity  a  unit  normalized 
pressure  was  used  in  the  finite  element  computation.  In  reality,  the  pressure 
will  alwavs  be  a reater  than  n  .  f*  nmr***»*  e  i  41-  —  t  at - - « 
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Figure  2  shows  the  distribution  of  the  tangential  stress,  oQ,  plotted  as 
a  function  of  radius.  The  figure  also  shows  a  stress  contour  representation 
of  Oq  .  The  tensile  strength  of  the  rock,  o^,  is  usually  small  compared  to  its 
compressive  strength.  The  tensile  stress  at  the  bottom  of  the  crater  on  the 
othe"  hand  is  of  the  order  of  the  crater  pressure  which  is  larger  than  the 
compressive  strength  of  the  rock.  Thus  one  would  expect  a  crack  to  form 
and  grow  along  the  center  line  of  the  crater.  In  addition  to  this  central  crack 
several  smaller  cracks  can  also  be  formed  as  shown  in  Ref.  5. 

Figure  3  shows  the  distribution  of  the  hoop  stress  for  the  hemispherical 
crater.  At  the  bottom  of  the  crater,  the  hoop  stress  approaches  to  a  value  of 
roughly  half  the  crater  pressure.  Thus  one  would  again  expect  cracking  to 
occur.  Note,  however,  that  in  this  case  the  tensile  hoop  stress  field  is  axi- 
symmctric  and  therefore  docs  not  have  a  preferred  direction  to  propagate  a 
crack.  Thus  one  should  expect  in  this  case  that  the  formation  of  a  single 
crack  or  multiple  cracks,  the  directions  etc.  to  be  determined  by  rock 
ajiisotropy,  inhomogeniety,  and  the  pressure  of  pre-existing  microcracks 
rather  than  the  stress  field.  Once  initiated,  these  cracks  may  grow  in  the 
tensile  stress  region  to  a  length,  say,  l,  which  can  be  several  times  larger 
than  crater  radius,  R.  Thus, 

l  -  <xR  (*> 

where  alia  constant  for  a  given  material  and  tool  shape  to  be  evaluated 
experimentally. 

Aquino*  followed  a  somewhat  different  course.  He  used  the  Hertz 
theory  to  determine  an  equivalent  of  the  pressure,  p.  Then  he  used  Love's 
analytical  solution  to  obtain  the  tensile  stress  (hoop)  distribution.  At  that 
point  he  departed  from  the  above  method  and  used  an  approximate  Griffith's 
approach  to  determine  the  crack  size  as  a  function  of  Hertz  contact  radius. 

He  then  derived  a  relationship  between  "crack  radius"  and  the  equivalent  of 
crater  radius,  R,  which  is  similar  to  the  relationship  (1)  above,  and  evaluated 
the  constant  experimentally. 

From  a  more  practical  viewpoint,  in  a  given  rock  the  most  important 
relationship  is  between  crack  length  and  blow  energy.  In  the  literature  on 
craters,  various  investigators*  report  widely  different  relationships  between 
crater  depth  (which  equals  our  crater  radius,  R)  and  the  blow  energy.  How¬ 
ever,  one  may  write  a  general  expression  of  the  form: 


*  see  references  1,  2,  3. 


DECAY  OF  TENSILE  STRESS  WITH  RADIUS 
FOR  A  SEMI- CYLINDRICAL  CRATER. 
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RaEn  (2) 

where  E  =  blow  energy  for  the  spherical  indcntor  and  blow  energy  per  unit 
length  for  the  wedge-shaped  indcntor,  and  n  =  an  emptrical  constant. 

Thus,  the  crack  length  is  also  related  to  E  as  shown  below 
l  =  Kj  En 

The  constant  of  proportionality  and  the  exponent,  n,  are  determined  experi¬ 
mentally. 

3.  Experimental  Verification 

It  was  recognized  quite  early  in  the  program  that  quantitative  measure 
ments  on  subsurface  cracking  to  establish  all  parametric  relationships  would 
be  very  costly.  A  limited  series  of  experiments  were  therefore  planned  to 
study  the  most  important  parameters,  namely  .he  input  energy  and  basic  tool 
shape,  i.c. ,  the  spherical  tool  vs.  the  wedge-shaped  tool. 

The  object  of  the  experiment-.  1  program  was  twofold:  first,  to  see  if 
reproducible  subsurface  cracking  could  be  produced  in  the  rock,  and  then, 
if  successful,  to  obtain  a  quantitative  relationship  between  the  crack  length 
and  the  tool-rock  parameters.  It  was  decided  that  the  first  objective  could 
be  attained  by  static  indentation  tests  while  the  second  objective  required  im¬ 
pact  tests.  These  are  described  in  turn  below. 

(a)  Static  Tests 

For  the  purpose  of  the  limited  experimental  program,  eight  9  inch 
Barre  granite  cubes  were  obtained.  Two  basic  tool  shapes  were  chosen,  a 
7/16  inch  sphere  and  a  1  inch  by  3/8  inch,  120*  wedge.  In  an  exploratory 
phase  of  the  work,  a  single  block  was  indented  on  faces  marked  B,  B',  C, 
and  C  in  Fig.  4  with  the  spherical -tipped  tool.  Then  a  dye  penetrant  was 
applied  to  the  crater  and  after  waiting  for  about  half  an  hour,  the  block  was 
split  open  to  trace  subsurface  dye  penetration  into  the  crack.  It  was  found 
that  the  dye  diffused  into  a  large  hemispherical  zone  under  the  crater.  This 
wiped  out  any  distinction  between  cracked  and  solid  rock.  This  technique 
was  therefore  proven  to  be  inapplicable. 
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'  Fl&  4  :  ROCK  FACE  X>ESIGMATION. 

NOTE:  A,  B  AMD  C  ARE  FACES  OPPOS'TE 

TO  FACES  A  ,  13  AND  C  RESPECTIVE  LY. 
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Next,  an  X-ray  radiography  technique  was  used.  Here  the  rocks 
were  first  radiographed  to  show  the  initial  state.  Then  one  of  the  rocks  was 
indented  and  x-rayed  again  and  compared  with  the  initial  radiograph.  It  was 
found  that  cracks  could  not  be  detected  with  this  technique  either. 

Finally,  a  rock  indented  with  the  7/16  inch  spherical  tipped  tool  was 
cut  with  a  diamond  saw  through  the  center  of  the  craters,  parallel  to  face 
A  It  was  found  that  the  large  cracks  starting  at  the  crater  were  visible  to 
the  eye.  To  increase  the  contrast  a  special  dye  penetrant,  P-135  made  by 
Trace  Tech,  was  used.  This  dye  penetrant  is  sensitive  to  ultraviolet  light. 
After  dye  penetration,  each  crack  was  photographed  using  ultraviolet  light. 
Plates  1  through  4  show  the  photographs  of  the  four  craters  and  the  cracks 
produced  with  the  7/16  inch  spherical  indentor. 


Plates  1  through  4  yielded  the  following  observations.  Only  in 
one  case  (Plate  1)  was  a  central  ^rack  observed.  In  two  cases  (Plates  2  and 
3)  cracks  smaller  in  size  ano  probating  at  different  angles  than  that  ob¬ 
served  in  Plate  1  were  detected.  Finally  there  were  cases  such  as  shown  in 
Plate  4  where  no  single  major  crack  was  observed.  It  was  therefore  concluded 
that  with  the  spherical  tip,  the  dire%ition  and  size  of  the  major  crack  could  not 
be  controlled.  Similar  experiments  with  wedges  showed  rather  good  predicta-? 
bility,  and  therefore,  all  impact  tests  using  spherical  tips  were  abandoned. 

(b)  Impact  Tests 


The  objective  of  these  tests  was  to  establish  the  important  relation¬ 
ship  between  blow  energy  and  the  crack  length  for  a  given  wedge-shaped 
tool.  A  1  inch  long,  3/8  inch  wide,  tungsten-carbide  wedge  (120*  inclined 
angle)  shaped  bit  was  cemented  at  the  tip  of  an  impacting  moil.  Our  drop 
tower  facility*  was  used  in  the  experiments.  The  9  inch  Barre  granite  cubes 
were  secured  at  the  bottom,  and  the  moil  was  dropped  on  them  from  prede¬ 
termined  heights.  Indentations  were  made  on  faces  B,  B',  C,  and  C'.  The 
blocks  were  then  cut  in  half  with  a  diamond  saw  in  such  a  way  that  the  cut 
passed  through  the  centers  of  each  crater.  Once  again,  Trace  Tech  P-135 


« 


The  drop  tower 
annual  Report, 
report. 


facility  and  its  operation  has  been  described  in  the  Semi- 
Further  description  of  this  facility  is  given  later  in  this 


PLATE  1:  Subsurface  Crack 


Tungsten  Carbide 
7/16"  Spherical  Indent or 
Static  Indentation 


PLATE  3:  Subsurface  Crack.  #3 


Tungsten  Carbide 
7/16"  Spherical  Indentor 
Static  indentation 
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Turns  ter.  Carbide 
7/16”  Spherical  Ir.dentcr 
Static  Indentation 
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PLATE  5:  Subsurface  Crack  #5 


1" 


Tungsten  Carbide 

*  3,  8  ,  120  Wedge  Shaped  Indcntor 
Blow  Energy  «  55  ft-lbs 
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PLATE  6:  Subsurface  Crack  if  6 

Tunc*  -  ^  ^  ^  p*)  •  /^a 

3/8".  120  wJdgc  Shnnod  Indcntor 

n  1  n'.f  .  •  - 


PLATE  7:  Subsurface  Cra^  k  *±7 

Tungsten  Carbide 
/8",  120  Wedge  Shaped  Tr.dcntor 
Blow  Energy  -  55  ft- lbs 


PLATE  S 


Tungsten  Carbide 
120  V.'edne  Snaccd  I 
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dye  was  used  to  d<  tect  cracks.  Plates  5  through  10  show  the  results.  Each  of 
these  plates  shows  an  indentation  corresponding  to  a  blow  energy  marked  under 
the  plate.  In  every  case  a  major  crack  was  produced  roughly  following  the 
centerline  of  the  crater.  Crack  lengths  were  measured  on  the  actual  block. 

In  other  experiments  (at  energies  beyond  lbO  ft  lb)  crack  photographs  could 
not  be  obtained  because  the  blocks  split  open  after  two  or  more  blows.  In 
these  cases  crack  length  was  determined  by  visual  observation. 

(c)  Observations 

1.  The  techniques  described  above  yield  satisfactory  measurement  of 
depth  of  crack  penetration.  Cracks  observed  are  several  times 
larger  than  the  crater  depth. 

2.  At  blow  energy  levels  of  the  order  of  330  ft  lb,  the  blocks  split  open 
indicating  crack  lengths  of  the  order  of  4-1/2  in.  (half  the  block  size). 

3.  Figure  5  shows  the  plot  of  blow  energy  vs.  crack  length  for  the  wedge 
plotted  on  a  log -log  scale.  This  gives  the  following  expression: 

4=  0.093  E0*67  (4) 

for  the  particular  wedge  and  granite  block  combination  used  in 
the  experiment. 

At  this  stage,  the  information  generated  here  is  sufficient  to  allow 
order  of  magnitude  estimates  needed  in  design  studies  of  impact  excavators. 
However,  more  reliable  values  of  K  and  n  should  be  obtained  by  conducting  ad¬ 
ditional  tests  in  the  future,  especially  for  different  rocks. 

4.  Concluding  Remarks  on  Subsurface  Cracking 

The  work  described  in  this  section  of  the  report  shows  the  following: 

(a)  It  confirms  the  existence  of  subsurface  cracks  which  are  several 
times  larger  than  the  main  crater  dimensions. 

(b)  Spherical  tipped  tools  do  not  produce  repeatable  results  in  that  the 
crack  direction  and  size  are  quite  variable  and  uncontrolled. 

(c)  Wedge-shaped  tools  produce  consistent  cracks.  The  major  crack 
starts  at  the  bottom  of  the  wedge  and  progresses  approximately  in 
the  plane  of  symmetry  of  the  wedge. 

(d)  The  limited  set  of  experiments  indicates  a  linear  relationship  between 
crack  length  and  blow  energy  as  (4)  above. 


2  CYCLES  X  1  CYCLE 
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To  illustrate  the  meaning  of  these  results,  if  a  tool  with  10,  000  ft  lb 
of  blow  energy  and  an  8  inch  long  wedge  were  to  be  used,  cracks  as  long  as 
10-1 inch  in  1-Jnrrc  granite  could  be  produced.  This  is  a  reasonable  size 
for  use  in  impact  tunneling  devices.  A  bigger  tool,  of  course,  can  produce  a 
larger  crack  and,  therefore,  is  more  desirable.  Alternatively,  reducing  the 
length  of  the  wedge  will  produce  deeper,  but  less  wide,  cracks.  One  must 
also  keep  in  mind  the  possible  cool  wear  which  will  limit  the  energy  per  unit  len; 
of  the  wedge.  In  the  actual  impactox  and  tool  design  work  to  be  carried  out  next* 
year  one  of  the  tasks  will  be  to  balance  these  two  factors. 


B, _ .Edge  Fracture 

1.  Introduction 

In  this  section  we  will  examine  one  of  the  important  modes  of  secondary 
fracture;  i.c.,  the  edge  fractu-e  mode  (see  Figures  6  and  7). 

The  problem  of  rock  fracture  to  ;.»  edge  is  similar  to  the  indexing 
problem  in  conventional  percussive  drill  systems.  The  latter  has  been 
8tUdiCd  b9y  nUni°rOUS  investigators,  including  Simon,  Cooper,  and  Stoncman®, 
Hartman  ,  and  Garner  .  In  particular,  Garner  used  the  photoelastic  model 
technique  and  observed  the  tensile  stress  field  which  causes  the  edge  fracture. 
Evans  studied  a  more  closely  related  problem.  He  analyzed  the  two-dimen-' 
sional  equivalent  of  the  edge  fracture  problem,  namely  the  action  of  a  wedge 
producing  breakage  into  a  buttock  of  coal.  An  equilibrium  approach  such 
as  used  by  Evans  for  coal  (Fig.  6)  was  not  used  here  because  hard  rocks 
such  as  granite  tend  to  behave  in  a  brittle  manner.  Once  a  crack  is  started 
it  can  propagate  rapidly  in  a  suitable  tensile  stress  field  and  therefore 

the  stress  along  the  parting  surface  need  not  reach  the  tensile  limit  all 
at  once. 


The  analysis  in  this  report  will  be  based  upon  some  recent  work 
done  by  Hatenyi  ’  .  In  the  following  sections,  the  basic  aspects  of  the 

analysis  will  bo  explained  first,  and  then  the  results  will  be  correlated  with 
experimental  data. 
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R'-  Wedge  force 
T  -  Equilibrium  tensile  force 
S  -  Tip  reaction 


Figure  6:  Evans'  Equilibrium  Approach  for  Cutting  Coal 
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2.  Kdfte  Frncturc  for  Pointed  Indentors 


In  view  of  the  previous  considerations,  the  stress  field  produced  by 
indentors  is  investigated  with  two  specific  questions  in  mind:  (?)  Docs  the 
stress  field  lead  to  crack  initiation?  and  (b)  can  one  get  some  clues  as  to 
the  general  shape  of  the  final  fracture?  In  wlnt  follows  it  will  be  shown 
that  Hatcnyi's  solution  to  the  elastic  quarter  space  sheds  light  on  the  two 
questions  for  a  pointed  indentor  and  his  quarter  plane  solution  gives  similar 
information  for  a  wedge  shaped  tool. 


An  impact  by  a  pointed  tool  in  the  neighborhood  of  a  large  piclimi- 
nary  crack  can  be  idealized  for  the  purpose  of  mathematical  analysis  by 
what  is  called  a  quarter-space  problem,  as  illustrated  in  Figure  7.  Re¬ 
cently,  Hatenyi  presented  the  theoretical  solution  to  the  problem  of  a 
point  load  applied  at  a  distance,  a,  from  the  edge  of  such  a  quarter-space. 
Here,  Hatcnyi's  solution  will  be  used  to  study  the  edge  fracture  problem. 

Boussincsq  solved  the  problem  of  a  point  load  acting  on  an  elastic 
half-space.  Using  Boussinesq's  solution  and  a  cl  .ver  imaging  technique, 
Hatenyi  derived  the  solution  to  the  quarter-space  problem  in  the  form  of 
a  scries  of  integral  equations.  These  integral  equations  arc  too  complicated 
to  be  evaluated  in  the  form  of  analytical  expressions.  He,  therefore,  ob¬ 
tained  the  solutions  numerically  for  four  different  values  of  the  Poisson's 
ratio,  v.  Here  we  need  not  go  into  the  mathematical  details  of  Haten/i's 
work,  but  rather  look  directly  at  the  results. 

There  is  a  mathematical  singularity  at  the  point  of  action  of  the  force 
(x  =  a,  y  =  z  =  0).  However,  the  scheme  of  successive  approximation  used 
by  Hatenyi  in  evaluating  the  series  of  integral  equations  is  based  upon  the 
distributed  load  solution  due  to  Love.  This  removes  the  singularity  and 
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produces  smooth  stress  distributions.  The  action  cf  the  moil  in  reality 
creates  n  small  crater  with  some  state  of  qua  si -hydrostatic  pressure 
loading.  Thus  the  Love  approximation  used  by  Hatonyi  probably  repre¬ 
sents  the.  real  loading  better  than  the  mathematically  singular  paint 
loading.  In  our  particular  application,  wc  arc  interested  in  o  (Fig.  8). 
When  the  maximum  value  of  0  reaches  the  tensile  strength  of  the  rock, 
a  crack  can  be  initiated  as  depicted  in  Fig.  7-a.  This  crack  will  then  be 
able  to  glow  and  reach  the  free  surface.  The  stress  distribution  shown 
in  Fig.  8  is  for  a  solid  widi  Poisson's  ratio,  v  =  1/2.  As  v  changes, 
the  stress  distributions  also  change.  Table  B-l  shows  the  stress  fields 
for  various  values  of  Poissons  ratio.  One  can  sec  from  the  table  that  - 
along  the  x  axis  assumes  rather  large  value  near  the  point  of  action  of  the 
tool.  1  or  a  truly  point  loading  would  become  infinitely  large  under  the 
tool.  However,  in  Ilatcnyi's  solution  (in  which  the  load  is  smeared  out), 
the  maximum  of  ax  occurs  at  x  1.07a  for  Poissons  ratios  less  than  1/3. 
Table  »-?.  gives  the  peak  values  of  and  the  location  at  which  they  occur. 

In  this  particular  case,  it  turns  oat  that  the  sLrcsscs  arc  linear 
functions  of  the  Poisson's  ratio.  Figure  9  shows  the  plot  of  non-dimensional 
maximum  oy  plotted  against  the  Poisson's  ratio,  v.  Thus,  one  can  say 
that  when  the  stress  maximum,  which  occurs  atxaa  1.07a,  exceeds  the 
tensile  strength  of  the  rock  a  crack  can  initiate  as  shown  in  Fig.  7.  From 
Figure  9  we  can  write  that 

o  =  k  ^-  =  [7. 2  -  14.  154  v]  -S-  (5) 

*max  a  *  a 


where  P  =  applied  load, 

a  =  distance  from  the  edge,  and, 
k  =  7.2  -  14.154  V 


Equation  (5)  can  now  be  used  to  predict  the  load  ct  which  the  crack  will 
start  under  the  load.  The  implications  of  this  are  discussed  in  the  next 
section. 

3,  Parametric  Relationships  j 

The  anisotropic  behavior  of  rocks  is  well  known.  Even  in  apparently 
uniform  rocks  like  granite,  the  directionality  of  elastic  and  strength  properties 
has  been  observed.  However,  to  keep  things  simple,  the  following  discussion 
is  limited  to  homogeneous  isotropic  rocks.  The  effects  of  anisotropy  are 
diecusscd  in  somewhat  more  detail  in  Appendix  C.  (q.v.) 
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The  indentation  characteristics  of  moil;?  on  rocks  are  quite 
complex  and  should  normally  be  obtained  experimentally.  However,  Paul 
and  Sikarnkie  obtained  semi-empirical  relations  for  wedge  indentations, 
and  Sikarski  and  Miller  obtained  these  for  a  spherical-tipped  conical 
indcnlor.  In  both  cases,  the  details  of  chipping  action  of  the  tool  are 
taken  into  account  in  arriving  at  the  relationship  between  force  amt  the 
indentation.  These  studies  were  oriented  toward  the  percussive  drilling 
problem,  rather  than  impact  fragmentation. 

To  arrive  at  a  more  simplified  parametric  relationship  between 
the  face,  P,  and  blow  energy,  E,  the  following  empirical  expression 
will  be  used.  Let  the  indentation  be  a  function  of  the  applied  load. 


•  E  = 


6 

J  Pd6 


£ 


max 


it) 


We  assume  the  functional  relationship  between  P  and  E  as  follows: 

1  max 


P  =  cE 
max 


n 


(7) 


where  c  and  n  arc  constants  for  a  given  pair  of  material  and  indcr.tor. 
The  values  of  c  and  n  will  depend  on  the  mathematical  model  chosen 
to  represent  the  indentative  process.  For  example,  consider  the 
following: 

(a)  Parabolic  spring  approximation  for  a  wedge-shaped  indentation 

,2 


P  «  6 
P  *  E 

(b)  Cubic  spring 

poc  6‘ 


2/3 


approximation  for  pointed  indentation. 


P*  e3/4 

Other  mathematical  models  can  be  used  in  a  similar  manner. 


(8a) 

(8b) 

(9a) 

(9b) 


24 


Using  thu  general  expression  for  equation 
pros ?i on  for  maximum  stress  of  equation 

kcEn 

°x  ,  =  “7” 

max  a 


(7).  one  can  derive  thu 
(5)  as  follows: 


(10) 


ex- 


A  single  blow  delivered  at  an  energy  level  at  which  maximum  o^  just 
exceeds  the  tensile  strength  of  the  rock  can  cause  a  crack  formation  under  the 
indentor  in  a  direction  normal  to  the  x  axis.  This  critical  energy  level  is 


given  by: 


2 

-  r  --a_] 

..  kc  .i 


1/n 

lb-in. 


(11) 


Once  the  crack  is  started,  it  will  be  assumed  to  grow  in  the  tensile 
stress  region  and  reach  the  surface  as  shown  in  Figure  7a.  Thus  a  roughly 
tetrahedral  shaped  piece  of  rock  is  produced  by  applying  a  single  blow  cf 
energy  Ecr  to  the  rock.  Further,  it  is  reasonable  to  assume  (from  Fig.  7a): 

b  =  cia  (12a) 

h  =  c2a  (12b) 

where  Cj  and  c ^  arc  constants  which  must  be  determined  experimentally. 


The  volume  of  roughly-tctrahedral  shaped  rock  pieces  (as  shewn  in 
the  figure)  broken  out  is  given  by; 

v  =  j(2b)^-  (13) 


where  X  is  a  shape  factor.  If  one  assumes  a  fracture  curve  approximating 
a  parabola  in  the  x-z  plane,  X  k*  2.  Wc  will  experimentally  evaluate  this 
parameter.  From  equations  (12)  and  (13)  f  it  is  clear  that: 


V  =  K2a3 


(13-a) 


For  energy  levels  less  than  Ecr,  the  tool  simply  indents  the  rock 

and  produces  a  small  crater.  The  volume  of  rock  crushed  is  very  small 

in  comparison  with  the  roughly  tetrahedral  shaped  volume  of  the  rock 

fractured  at  E  =  E  . 

cr 


If  Urn  blow  energy  it;  increased  beyond  Ef  ,  the  volume  removed  is 
not  increased  at  a  given  edge  distance,  «».  Therefore  one  obtains  a  set  of 
volume  ami  energy  characteristics  for  a  given  rock  and  tool  as  shown 
schematically  in  Figure  10.  One  can  now  write  on  the  basis  of  equations  (11) 
and  (13-a)  that  the  minimum  value  of  critical  energy  is  given  in 
E  Kj 

(V)  min  "  03-b) 

a 

4.  Wed gc-Shapcd  Moil 


So  far  the  discussion  pertained  to  a  pot ntc  cl  indontor.  In  this  section 
wc  will  examine -wedge-shaped  incicnlors.  Figure  11  shows  schematically 
the  action  of  the  inUcntor.  Utvlci  the*  wedge  a  crater  is  formed,  A  crack 
which  starts  from  the  two  opposite  ends  « *f  the  crater  grows  until  it  reaches 
the  fj  ec  surface.  The  chunk  of  rock  thus  broken  out  can  be  divide  d  into  two 
geometrical  segments.  The  middle  section  is  prismatic,  and  the  two  cr;d 
portions  similar  to  tclrahcdra.  If  the  width  of  the  wedge  becomes  very 
small,  the  two  end  portions  in  principle  will  not  be  much  different  than  those 
observed  with  pointed  indentors  (see  Equation  13).  This  observation  im¬ 
mediately  leads  to  the  following  expression  for  the  volume  of  rock  broken: 


where  V 

w 

w 

b 

h,  a 
\  M 


Vw  =  I  (2b)  T"t  I'vha  =  K4  r3  +  K-  a2w  (14) 

volume  of  rock  broken  by  wedge, 
width  of  the  wedge 

bl  -  J  ~  b2  "  7  r  half  width  °f  ’-he  fractured  rock  (sec  Fig.  11) 
have  the  same  meaning  as  before  (as  shown  in  Figure  7) 
constants  to  be  determined  experimentally 


Another  quantity  one  car.  obtain  by  simple  comparison  is  the  ratio  of 
volumes  broken  by  a  wedge  and  a  spherical  indentoi.  Using  equations  (13) 
and  (14),  and  re-arranging: 


„  .  Vv»  _[T2bh*+<I>*»a]wcdc( 

n.  -  -y—  -  - FT - * - 


(15) 


.1  2bhaJ.phcre 


One  should  not  infer,  at  this  stage,  that  the  bigger  volume  produced  leads 
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Figure  Ha:  Action  of  Wedge  Shaped  Moil 
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P 

Lot  P  =  w  thc  pcn,;  f°rce  applied  per  unit  length  of  the  wedge. 

The  action  of  thc  wedge  produces  a  tangential  wedging  force  Ffc,  which  ir. 

normal  to  P.  This  .orco  is  far  more  effective  in  producing  tensile 

stress  than  P  itself.  Thc  solution  for  the  line  load  F  is  again  singular. 

However,  we  can  write  the  simplified  expression  for  the  form  of  tho  stress 
as  follows: 


where  a 


o  =  p-t  =  3  g-feUtt 

xmax  a  wa 

-  half-wedge  angle. 


06) 


Using  the  energy  relationship  P  =  cEm,  one  obtains  the  critical 
energy  in  the  following  form: 

r  otwa  -,1/m 

^cr-w  “  1.  c  3  tana  J  in*  (17) 

The  constant,  3,  will  be  determined  experimentally. 


One  must  note  that  the  two-dimensional  approximation  is  valid  for 

W  *  a-  For  w  <<:  a*  **»•  distinction  between  wedge  and  the  pointed  indentors 
should  vanish.  For  our  application  ,  however,  w  *«a. 

-5.  Experimental  Verification 

The  1RRI  droptower  facility  was  described  in  the  semiannual  report; 
a  picture  (Plate  11)  is  included  here  for  reference.  The  experimental 
work  was  carried  out  by  Messrs,  C.  Sliski  and  L.  Yaros.- 

For  the  experiments,  18  in.  Barrc  granite  cubes  were  used.  Each 
cube  was  suitably  mounted  under  the  droptower  in  such  a  way  that  the  moll 
would  impact  at  a  desired  distance,  a,  from  the  edge.  The  moil,  an 
example  of  which  is  shown  in  Plate  12,  can  be  raised  to  any  desired  height 
with  the  help  of  a  hoist.  After  raising  it  to  the  desired  height,  it  is  released 
by  a  pneumatically  actuated  release  mechanism.  Aluminum  guide  collars 
and  guide  posts  prevent  side-to-side  motion,  tilting,  and  rotation  of  the 
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Three  sets  of  c.spernncila  were  conducted  using  a  3/8  in.  d;  ..ter 
spherical-tipped  moil  at  edge  distances  of  1/?.  in.,  1  in.,  hi. cl  2  in.,  re¬ 
spectively.  Tattles  1  through  3  in  Appendix  A  show  iiiu  blew,  energy,  :  the 
number  of  blows,  N,  required  to  fracture  the  rock,  the  total  blo^  c-  ev..y 
(E  x  N),  and  the  weight  of  the  rock  removed.  In  addition,  the  dirners-ior s  bj, 
b^.  and  h  were  measured  for  each  broken  piece  of  rock.  It  was  observed 
that* often  bj  and  b£  would  not  be  equal  due  to  a  variety’  of  reasons  such  as 
"bedding  planes"  being  oblique  to  the  edge,  moil  not  hitting  perfectly  i  *. 
right  angle  and  inherent  flaws  in  the  rocJ;.  Tests  in  which  bj  rw  b£  v. «  :  c 
judged  to  be  more  meaningful  than  when  b.  i  b.,.  Tc  take  this  into  account, 
a  statistical  weighting  parameter  was  used  in  reducing  the  data.  This 
weighting  parameter ,  w,  consisted  of  the  ratio  of  the  geometric  rncar.  to 
arithmetic  mean,  i.  c. , 


U!  = 


2 

l>,  +>>2 


(IS) 


when  bj  ea  b2»  w«  1,  and  when  bj  «  b2  or  b2  «  bj,  0. 


*5  The  strength  of  rock  in  the  direction  normal  to  the  bedding  planes  is  larger  th 
the  other  two  directions.  Thus  on  the  average  1/3  of  the  times  ore  should  ex¬ 
pect  the  rock  not  to  break.  Therefore  we  used  a  60-80%  limit. 
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In  sonic  instances,  due  to  poor  alignment,  etc.,  one  side  of  the 
fractures  extended  byond  the  block  si/,e,  i.  <?. ,  bj  ;*  9"or  >  9!  These 
tests  bad  to  be  discarded. 

This  statistical  weight,  X',  was  used  to  average  bj,  b.,,  and  h,  and 
the  weight  of  the  rock  removed.  The  averages,  means,  and  standard  devia¬ 
tions  were  calculated  in  each  case.  Appendix  13  shows  the  results  of  statis¬ 
tical  evaluation.  In  each  case  95J/<>  confidence  limits  are  calculated  for  each 
variable.  In  Figure  12  described  below*  the  means  arc  shown  by  a  circle 
and  957o  confidence  limit  is  shov/n  by  a  bar. 

Observa tions :  Figure  12  shows  the  plots  of  the  averages  of  b  (it  is  the  com¬ 
bined  average  of  bj  and  b^)  and  h.  It  is  clear  that  except  for  a  small  offset, 
b  and  h  are  linear  functions  of  a  as  expected  by  equations  (12a  and  12b).  Our 
indentor  was  not  a  true  pointed  indentor  but  had  a  5/16  in.  radius,  this 
probably  caused  the  offset.  The  small  offset  in  b  and  h  leads  to  an  error  of 
0.67  cu.  in.  in  volume.  When  corrected  for  this  error  (by  subtracting  0.67 
cu.in.  from  measured  volume),  the  averaged  volumes  of  rock  removed 
vary  approximately  as  a  cubit,  function  of  a  as  shown  in  Figure  13. 

Figure  14  shows  the  log-log  plot  of  the  critical  energies  vs.  edge 
distance.  From  the  slope  of  the  line  passing  through  experimental  data  points, 
it  was  estimated  that  E 

cr 

3 

Finally,  Figure  15  shows  the  plot  of  specific  energies  in  in.  lb/in.  , 

(psi).  The  slope  of  the  curve  clearly  shows  that  the  specific  energy  varies 
inversely  as  a,  as  one  would  expect  from  equation  (13-b).  In  conventional 
tunnel  boring  practice,  the  specific  energy  is  a  sizable  fraction  of  the  com¬ 
pressive  strength.  In  the  case  of  edge  fracture  the  specific  energy  is  orders 
of  magnitude  smaller  than  the  compressive  and  even  the  tensile  strengths. 

(b)  Wedge-Shaped  Moil 

The  experimental  procedures  used  here  were  the  same  as  above.  Theeffcci 
of  wedge  angle,  although  important,  was  beyond  the  scope  of  this  work.  It 
was,  therefore,  decided  to  drop  the  variation  of  the  wedge  angle  and  limit 
thiu  year's  experimental  program  to  the  determination  of  the  important 

1  2  14 

*  The  first  two  points  gave  Ecr  *  a  '  or  n  f»0.94.  This  variation  is 

probably  due  to  the  spherical  radius  at  the  tip  of  the  pointed  indentor. 


*  4  *  »  -  rTTTT 

a  =  inches 

FIGURE  13:  VOLUME  OF  ROCK  REMOVED  AS 
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FIGURE  14:  CRITICAL  ENERGY  AS  A  FUNCTION 


OF  EDGE  DISTANCE 


relationships  between  critical  energy,  volume  of  rock  removed,  and  the  edg 
distance,  a.  In  all  tests,  a  wcilgo  of  90®  included  angle  was  used.  The 
weighting  functions  used  are  the  following: 


u: 


2,/"b?' 


hi 


U  “  0  when  t>j  >  0,  or  b^  >  0. 

v 

where  bj-  =  bj  •  ^ 


Once  again  fractures  breaking  into  one  el  the  corners  were  discarded.  How 
ever,  it  was  found  that  even  v.T.oi  the  fractures  progress  od  close  to  the 
corner  (say  within  1  to  2  in.)  so.-ni  »vnat  larger  pieces  were  broken  out  than 
usual.  In  Figure  16  the  plotr  of  h  vs  a  and  h  vs  a  are  shown  for  the  wedge. 
Notice  in  the  plot  of  h  vs  u  the  point  et  a  -  2  in.  is  well  above  what  would  be 
expected  because  of  the  prceornby  of  Ihc  fiacture  to  the  corners.  We  there¬ 
fore  consider  the  dotted  line  passing  through  the  three  points  erroneous  and 
the  solid  line  passing  through  the  first  two  points  to  be  the  correct  one. 

The  weighted  averages,  nvam*.  standard  deviations,  confidence  limits,  etc. 
arc  obtained  in  the  same  manner  as  above  (rcc  Appendix  B).  Tables  4,  5, 
and  6  (Appendix  A)  show  the  summary  of  observations. 


Figures  13,  M ,  15,  and  1C  show  the  various  relationships  between 
the  variables  for  the  edge  fracture  problem. 


6.  Edge  Fracture  Conclusions 

It  is  clear  from  the  text  that  an  understanding  has  been  reached  in 

the  area  of  secondary  fracture.  The  principal  conclusions  arc  as  follows: 

1.  There  exists  a  critical  level  of  single  blow*  energy  at  which  a  piece 
of  rock  breaks  out  from  the  edge. 

2.  The  volume  of  rock  broken  out  is  principally  a  function  of  edge  distance 
and  tool  shape. 

3.  Hatenyi's  analysis  can  provide  a  basis  for  the  crack  initiation  in  edge 
fracture.  More  rock  testing  will  be  needed  to  prove  the  variation  of 
critical  energy  as  a  function  of  tensile  strength  and  tool  wedge  angle. 
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4.  Basic  geometrical  relationships  between  b,  h,  V,  and  a  derived  in 
the  text  have  been  confirmed  experimentally. 

5.  The  2  in.  wedge-shaped  tool  proved  to  have  lower  specific  energy 
than  the  pointed  tool. 

6.  Low  specific  energies  achieved  during  the  tests  hold  a  promise  for 
tunneling  system  application. 

7.  Summary  Results  of  the  Edge  Fracture  Tests 

The  numerical  relationships  obtained  for  the  set  of  lools  and  rock  used 
during  testing  arc.  given  below: 

Pointed  tool:  bo  1.84a;  Vo  5.  3a^*'^;  Specific  Energy  -  96a 

hfts2.7a;E  *42.  5a1*84 
cr 

2  In. ,  90"  wedge  tool:  b  2.  2Da,  h-v  3.  3a;  V  **  12.  5a^' 

E  /Op**  Specific  Er.crcy  *»  67a 
cr 
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FIGUf'E  16-  ROCK  FRACTURE  PARAMETERS  FOR  i  IN.  -  90*  WEDGE 


C.  Field  Tests 


1 .  Introduction  .‘ind  First  KlcH  '  I 

The  purpose  of  ihe  i i * •  J « 1  Li  t  err,  : 
to  gain  experience  wilh  iti-silu  imp  <  •  reel'  *•'. 
formation.;,  utilising  a vailahk  epuipmeM.  * 
totaling  ri\  weeks  duration  have  !»«•••*:  turiied 
deliverin';  1000  ft  lb /blcnv  and  fi  Ju/blov 

field  tests,  while  a  10,000  ft  Ib/b'o.v  nop  ! m 
third  test.  The  various  moils  ujod  nr»  iu,.  i. 


Itlll  1 

■m ;  Jliis.  pl  oy  . 

i  a  \ 

i.dii 

i*i  in  '  i  i  ll  e 1  •  . 

3\  • 

To  ;!• . !  • 

• ,  l •  1 1 1 •  e  f i i.  Id  1 . 

.  1  S 

old.  : 

'  (  lot!'  C.  J  <b 

•  of 

w<  >■«•  a 

v .  i *  1c  for  all 

Mr' 

\.  a  .  \  i.  i  for  lit  • 

5 1 1  1  'i.'i  1 1  1  •  in!  11. 


t 


The  first  field  te.*t  v. ae;  l «.  p..*«'f,-d  i*i  ;)>• 

time  o!  .l.e.  test,  two  imjuctors  . .  *« 

impactor,  the  Hobnob: in  1000,  wi  -'u;  .*d  nil1 
an  experimental  30uj  i;  Ib/Llov.  imp  elm,  ;b  • 
blurt  loo'.  Tiio  field  lest  was  condut  ;  C*. 
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1  Report 
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it  l  t'l 

m»  .  i-i !  1  u0l» 

it  Ib/blO. 
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(1)  This  lest  demonstrated  th  -t;  vo  dge -Ma nee  moil  iu 
more  productive  than  a  Muni  or  corik..  1-  h.-ipeci  moil 

(2)  The  3000  ft  Ib/blow  imp-iclor  war  more,  productive  tli  n 
the  1000  ft  lb/blow  impac  lor. 

(3)  Due  to  the  high  strength  (rompresr.i;  <;  .Mrcngtli  -30,  000 
psi)  diabase  forinalir  :>  lound  at  the  cp.nrry  used,  available 
tools  could  obtain  only  a  limit'  d  amount  of  rock  breakage 

•  off  the  face. 


2,  The  Second  Field  Test 

A  second  field  test  was  conducted  by  C.  51  i ski  during  the  period 
October  13-19,  1971  at  the  Shahmoon  Industries  Quarry  in  Ml.  Hope,  New 
Jersey.  There  is  a  granite  gneiss  formation  in  tin-  quarry  with  rock 
properties  as  shown  in  Table  C-l.  Testing  was  done  at  a  rock  face  which 
had  a  layered  structure  with  a  large  number  of  small  cracks  aloug  the  rock 
layers.  The  following  equipment  was  used:  a  standard  Unihoc  117,  a  1000 


*  TM-7111:  "High  Energy  Impact  Rock  Breakage  Research  Program 

Semi-Annual  Report,"  October  1971,  p.  23. 
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ft  Ib/blow  impactor  with  a  s:tcllite-coatcd  wedge  tool,  a  carbide  buttc-r. 
Wfidp.e  tool,  and  a  spade  tool,  and  n  3000  ft  Ib/blow  impactor  equipped  with 
a  blunt  point. 

TAlil.lC  C-l 


Compressive  Strength  -  36,  000  psi 


Density 

Minerals 


Hardness 


3.05  s.g. 

Granite  gneiss,  having  a 
major  mineral  constituent 
of  Hornblende 

5-6  Moh 


The  brief  experience  with  the.  several  tools  gave  an  indication  as  winch 
tool  would  be  better  in  terms  of  effective  rock  removal  arid  longer  wear,  A 
blunt  tool  on  the  3000  ft  lb/blow  impactor  was  not  very  effective  in  removing 
rock.  We  did  not  observe  any  subsurface  cracks  by  visual  inspection.  The 
stellite-coated  wedge  tool  lasts  approximately  twice  as  long  as  the  basic 
wedge  tool  used  previously.  It,  too,  however,  soon  blunted  and  became  inef¬ 
fective.  The  carbide  buttons  on  the  carbide  button  tool  broke  quickly,  and 
again  the  tool  blunted  to  a  large  ineffective  radius.  The  spade-shapec  tcol 
gave  the  most  promising  results.  This  tool  has  J  in.  thick  blade  ,  and 
therefore,  as  the  tool  wears  the  tip  radius  does  not  change  much,  ar.d  the 
shape  of  the  tool  is  retained,  (sec  Plate  13)  This  tool  was  the  more  effec¬ 
tive  of  the  tools  and  lasted  through  the  tests. 

The  commercial  Hobgoblin  1000  ft  lb/blow  impactor  did  not  develop 
any  operating  problems  while  the  experimental  3000  ft  lb/blow  impactor 
cracked  at  one  of  its  welds.  It  produced  only  a  large  crushed  rock  zone 
beneath  the  blunt  tool  with  which  it  was  originally  equipped.  It  was  observed 
that  this  rock  broke  out  more  readily  than  the  hard  diabase  rock  of  the  first 
field  test.  C.  Sliski  estimated  lhat  150  blows  removed  158  pounds  o:  rocK 
from  the  face  for  a  roughly -estimated  specific  energy  of  142  psi.  This 
removal  was  achieved  by  edge  fracture  using  existing  surface  cracks. 


Plate  13: 


luuo  £t.  lb.  Impactor 
Moil  Points 


(iiom  left  to  ricjht:  cone,  cm  bide  unll 
tipped  cone,  spade,  carbide  ball  tippc'd  wedijo. 
and  steel  wedoe  with  12  i:i.  ruler  shown  on  -p.ide) 
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Several  large,  boulders  (approximately  4,x4'x4')  wore  also  used  to  test 
the;  impacting  method.  The  boulders  were  solid  and  unwou tliered.  The 
boulders  were  split  with  blows,  both  parallel  and  perpendicular  to  the 
favorable  directions.  With  the  Hobgoblin  tool  placed  a  t  the  center  of  the  rock,  it 
was  possible  to  split  the  rock  with  about  150  blows.  A  1  in.  deep  crushed  zone 
would  form  before?  splitting  would  occur.  Once  split,  the  rock  could  be 
broken  further  with  more  ease. 


Some  problems  were  encountered  during  the  second  field  tesit.  The 
Demon  100  hydraulic  impulse  breaker  cracked  at  a  weld  before  testing 
could  be  completed.  The  standard  Unihoe  1 IV  boom  did  not  prove  to  be  a 
good  mounting  for  these  impactors.  The  reflective  shock  from  the  blows 
resulted  in  broken  hoses  and  lines.  Also  the  rock  removal  rate  was  impeded 
by  the  awkward  positioning  of  the  impactor.  Future  impactor  mountings  should 
Provide  for  turning  the  impactor  about  its  axis  and  changing  its  direction  at 
a  pivot  point  closer  to  the  impactor. 

3.  The  Third  Field  Test 

A  third  field  test  was  conducted  by  Lee  Yaros  during  liie  period  January 
10  to  February  14,  1972.  The  time  spent  in  the  field  totalled  about  two  weeks. 
During  this  lime  the  weather  was  bad.  On  two  occasions  there  were  snow  and  ice 
storms  preventing  accessibility  to  the  working  face.  The  equipment  consisted 
of  a  standard  Unihoe  117  with  the  Demon  100  and  Demon  300  impactors.  These 
impactors  were  of  3000  ft  Ib/bluw  and  10,000  ft  lb/blow  energy  respectively. 

The  Demon  100  was  equipped  with  a  steel  spade-shaped  tool  with  a  wedge-shaped 
point.  Likewise  the  Demon  300  was  equipped  with  a  steel  tool  of  the  same  shape 
as  the  previously-mentioned  tool.  The  Demon  300  was  also  equipped  with  a 
carbide  insert  tipped  tool  with  a  wedge-sloped  point  (Plate  14). 

The  new  spade-. and  wedge-shaped  tools  were  more  effective  than  the 
blunt  tools  previously  used  on  the  3000  ft  Ib/blow  impactor.  The  tools  pro¬ 
duced  smaller  crushed  rock  zones,  large  pieces  of  rock  were  removed, 
and  the  crack  direction  could  be  determined  by  the  operator.  The  steel 
points  made  of  AISI  4340  steel  showed  minimal  signs  of  wear.  The  carbide 


Plate  14:  3uue  a  na  lweu*;  it.  1  u .  Tir.p.ietui  one  '■’ooJs* 

From  Lop  l  i  t  to  i  i  jilt :  3ouu  it.  h„.  ur.p.irto:  with 

steel  spade  -•»eci<ji  pointed  Lou];  loouo  it.  It.  impactor 
with  carbide  tipped  wedqr  tool,  two  blunt  tools;  und  a 
steel  spade  -wvdyc  pointeu  tool. 
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point  or,  the  10,000  ft  lb/blow  impactor  showed  no  signs  of  wear,  chipping, 
or  cracking  after  delivering  30  blown.  The  10,000  ft  lb/1,  low  impactor  was 
much  more  ef.cUiv.  thru,  lh.  3000  ft  Ih/blow  impactor  with  chips  of  rock  flying 
off  with  each  blow.  The  operator  hnd  to  protect  himself  from  these  flying 
chips.  As  rough  c.;li,  ink*.  the  10,000  ft  11,/blow  impactor  could  effectively 
remove  from  a  ledge  in  the  free  (in  the  secondary  breakage  mode),  a  10  to 
20  pound  rock  with  a  single  blow  indicating  a  specific  energy  of  ?1  to  1  ’Z  pr.i. 
This  unh  is  shown  in  Plate  15. 

Seme  observations  could  be  made  from  the  third  field  teal.  The  10,000 
ft  lh/ blow  impactor  was  much  more  effective  than  the  3000  ft  lb/blow  impactor 
in  producing  secondary  broM  age.  A  movie  sequence  of  the  impactors  opera¬ 
ting  in  l.u.  sicondaiy  bi  eakagt  mode  has  been  made  and  forwarded  to  TCMRC. 
The  tests  v.ore  inconclusive  in  demonstrating  the  impactor 's  ability  to  produce 
primary  cracks  in  this  competent  granite  gneiss  rock.  The  ability  to  see 
there  cracks  was  hindered  by  the  dirt,  dust,  mud,  and  water  present  on  the 
reck  f:me.  The  ability  to.induce  crack  interaction  by  geometric  spacing  of 
the*  blows  was,  likewise,  inconclusive, 

ocvcral  problems  of  a  practical  nature  were  encountered  during  the 
tmrd  field  test.  The  four  bolts  used  to  hold  the  tool  point  onto  the  piston  on 
the  10,  000  ft  lb/blow  impactor  broke.  These  four  bolls  were  replaced  by 
eight  rocket  head  bolls  which  lasted  for  the  remainder  of  the  tests.  The 
Uni  hoe  117  boom  could  barely  support  the  10,000  ft  lb/blow  impactor  due 
to  xts  weight.  To  keep  the  machine  from  tipping  over  backwards,  weight 
had  to  be  added  to  the  front  bucket.  The  greatest  problem  encountered  was 
the  durability  of  the  impactors.  Both  impactors  cracked  at  various  welds 
during  the  tests,  slopping  further  tests. 


ii - Mb  Field  Tests  -  Five  Foot  Granite  Cube 

During  early  March,  1972,  high  energy  impact  rock  breakage  tests 
were  carried  out  by  L.  Yaros  on  a  five-foot  Barre  granite  cube.  The 
equipment  used  consisted  of  the  Unihoc  117,  the  3000  ft  lb/blow  impactor 
equipped  with  a  spade  tool,  and  the  1000  ft  lb/blow  impactor  equipped  with 
a  blunted  wedge  moil  and  a  carbide -tipped  cone  moil. 


Tor.  t 
ft  lb/ blow  is 


one  consist  loci  of  some  edge  frail  urn.*  tests  using  t-lio  3000 
npaetor.  Tin:  ri  siiJt::  arc  given  in  T;  l>U‘  bi  low. 


Sequence 
Numb.  r  a 


TABLE 
Number 
of  blows 


C-2 

Weight  of 
Rock  f.cpioyi'd 


Specif ic  K n t; r gy 


1 

1 

7  lb. 

49^1 .0  psi 

2 

3" 

1 

13  lb. 

265.  0  psi 

3 

>3" 

2 

!62  lb. 

52. 5  psi 

4 

5" 

4 

131  lb. 

105.0  psi 

Figure  17 

shows  the 

position  of 

the  pieces  of  rock  removed  during 

the  L 

‘S' 

t.  This  fes 

1  gave  cent 

idem  e  that 

lhe  data  obtained 

on  the  drop  tower 

yield 

s 

reasonable 

qi  rni  tit  a  tiw 

n  estimate  s 

.  No  effort  was 

made  to  determine 

critical  energy  and  specific  dimensions  of  breakage. 


Test  two  was  lo  determine  the  effect  of  closely  spared  blows  sit 
3000  ft  lb.  blow  energy  (see  Figure  10). 


Blow 8  of  3000  ft  lb  were  delivered  at  the  center  of  the  block  within 
the  two  foot  circle  in  a  random  fashion.  Some  of  the  blows  were  delivered 
parallel  to  side  A,  others  were  delivered  parallel  to  side  B. 

TABLE  C-3 

Blow  Parallel 

Sequence  Number  Number  of  Blows  to  Face 


5 

7 

A 

6 

8 

A 

7 

10 

B 

8 

10 

B 

9 

20 

B 

After  each  sequence  of  blows,  the  rock  surface  was  cleaned  with  a 
wire  brush,  and  an  attempt  was  made  to  find  some  cracks.  Although  no 
visible  primary  cracks  wore  observed,  a  crater  2  ft  in  diameter  and  approximate!' 


ft 


r- r. 


FIGURE  J7:  PRIMARY  FRACTURK  TESTS 


FT  BARIIE  GRANITE  CUBE 


FIGURE  18;  SECONDARY  FRACTURE  TESTS  -  5  FT  BARR E  GRANITE  CUBE 
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1  in.  deep  was  formed  in  the  cube  by  the  removal  of  1/2  in.  to  1  in.  chips 
of  rorl;.  l'rom  these  rough  estimates,  a  specific,  energy  removal  lvtte  of 
4370  psi  was  estimated. 

During  the  last  sequence  of  tests,  the  3000  ft  lb/blo\v  impactor 
cracked  at  its  welds. 

With  the  experimental  3000  ft  lb/blow  and  10,000  ft  lb/blow  im¬ 
pacted  both  damaged,  an  attempt  was  made  to  use  the  commercial 
1000  ft  Ib/blow  impactor  to  impact  a  five-foot  cube  granite  block  with 
carbide-tipped  cone  and  wedge  inoils.  At  this  low  energy  the  moils 
pulverized  the  rock  instead  of  removing  chips  and  were  therefore  ineffective. 
(A  roughly  estimated  specific  energy  removal  rale*  of  32,000  psi  was 
obtained  when  the  1000  ft  lb/blow  impactor  was  operated  for  om-»half  hour 
with  blows  randomly  spaced  within  the  two  foot  circle.) 


■11 

5.  Field  Tot  l  Conclus  ions 

1.  A  spadi  •  sha pod  tool  is  better  than  other  shapes  because  the  n;u!; 
direction  can  be  controlled  by  the  operator,  and  its  wear  charac¬ 
teristics  are  hotter  than  other  shape}.. 

2.  Secondary  breakage  rock  icmcv.il  could  be  done  effectively  with 
the  equipment  available. 

3.  Primary  cracks  could  not  br.  readily  observed  during  the  field  tests 
and  proof  of  our  ability  to  induce  them  with  the  field  test  equipment 
available  is  inconclusive. 

4.  The  higher  the  blow  energy  available,  the  more  effective  the 
impactor  from  the  standpoint  of  rock  removal  rate. 


m.  riF.Ln  'rrer  pk ouujMr; 

l‘lie  problems  generally  encouetci  <d  throughout  the  lest*  «v.Tr 
mainly  concerned  with  the  meneuvernbil:».y  and  durability  of  the  equipment 
used.  As  has  been  mentioned  previously,  the  boom  on  Hie  si  nd  rd  Uni- 
hoc  117  docs  not  readily  allow  accurate  and  easy  positioning  of  the  imp  iclor 
nor  car:  it  handle  the  shock  of  the  impacting  blows.  However,  du’aioility  of 
tlic  experimental  impaclors  was  the  major  problem  encounter:  d,  .'lad  the 
3000  ft  lb/blow  and  10,000  ft  Ib/blow  irapaclo:  s  been  able  to  v.UkPand  l)  c 
punishment  of  the  tests  longer,  a  small  tunnel  could  have  bc<  n  mad.-  in 
the  quarry  face  at  Ml.  Hope,  N.  J.  This  would  liave  allowed  us  to  make 
overall  specific  energy  measurements  and  would  have  indicated  that 
primary  cracks  were  being  induced  in  the  lock. 


IV.  FUTMl):  PLANS 
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At  Hr*  cn'd  of  the  first  year  Hu*  follow  i  ccnm.iciils  may  bo  made 
with  iht  view  of  applying  high  energy  impact  tovls  to  a  pin«  lic  nl  tunneling 
system. 

(a)  Ridlicr  .substantial  blow  energy  is  required  to  civalc  large  subsurface 
cracks.  For  example,  the.  theoretical  work  indie  at*  z  that  a  10,000 

ft  ib  tool  (8  in.  loop,,  wedge-shaped)  wo,  Id  create  a  crack  10  in.  to  12 
in.  deep  in  granite.  Thin  ic  probably  just  into  the  lo'  cr  end  of  the 
practical  range  of  application.  In  harder  roclt*;  larger  impact  tools 
will  be  needed. 

The  rests  also  showed  that  a  wedge-rhaped  tool  was  better  than  .a 
pointed  or  blunt  tool. 

# 

(b)  Seem  ciary  fracture  showed  the  promise  of  high  energy  impact  breakage 
to  attain  low  specific  energy  in  tunneling.  Here  also  the  wedge-shaped 
looi  was  found  to  be  better  than  the  spherical -tipped  pointed  indentor. 

(c)  The  field  testing  showed  a  need  tor  a  more  reliable  impnetor  ar.d  a 
heller  mounting  to  obtain  maneuverability  for  the  high  blow  energy 
tools. 

Plans  for  the  Second  Year 

The  second  year  as  planned  ends  in  December  1972,  and  thus  has  a 
duration. of  eight  months.  To  utilize  the  time  most  effectively,  it  is 
planned  to  concentrate  work  in  three  basic  areas,  namely: 

(a)  to  re-design  the  10,000  ft  lb  impact  tool. 

(b)  to  perform  pertinent  r^ck  testing  with  rebuilt  equipment  as  needed. 

(c)  to  examine  some  interactive  considerations  of  strategy  and 
mountings  in  order  to  design  the  tool. 

Field  testing  with  available  tools,  although  useful,  is  not  contemplated 
for  this  year  due  to  lack  of  a  reliable  tool  in  the  useful  blow  energy  range. 
However  brief  tests  may  be  carried  out  to  gain  design  information. 


•:? 


It  in  sum; i  ted,  therefore, 
follows : 


that  the  work  t  hoobl  be  divided  roughly  -  a 


1 105 11 


.r  U. 


O’.i  IM-fti 


10,000  it  lb  b'ol,  r.  -d»:;i<;n 
and  rebuild 

Si?. jiit;  ?0  00(1  ft  lb  1<  »>! 

Rock  leMing  and  tool  ■•••hap*: 

tetf  big 


f>(l  ,o 


20 


u 


kor, 


The  design  effort  rl.ould  inch  lc  con:  id.,  ratio  i  .mu.1i  as  whether 
use  impact  irg  piston  ivp  or  hurled- bit  ty,A*  device.,  *vk*l  slructnre  m\*. 
be  v.scd  to  support  th»  ton!,  ami  l lie  baric  by  *•  ulie  o»  the  system.  •. 
links’!*  observed  in  the  system  durii  '  (i>  1J  b  '-l  inn.  t  be  eliminated.  1 
too!  design  work  will  he  done*  in  conciliation  with  Impulri.  Products 
Corpora*. i o*i,  and  Pro.’,  Voitsekhovrky  in  ti  c  U,S.i».  H. 


to 

*■1 

c«‘  k 

;c* 


Rod  testing  .shot-id  be  dont.  in  ;•  diftei  er.t  rock  then  granite.  Suitable 
rock  will  be  chosen,  and  after  approval  of  the  Bureau  of  Mines,  30  blocks 
of  1-1/2  ft  rnbn  will  bo  obtained.  Ton  blocks  v.ill  be  used  to  determine  sub¬ 
surface  fracture,  and  twenty  blocks  will  bo  used  for  edge  fracture. 


Finally  some  thought  would  be  given  to  available  mountings  and 
secondary  systems.  In  particular,  the  available  crawler  mountings  v.Ml 
be  studied  to  estimate  changes  needed  in  these  for  future  field  trials  o: 
10,  000  ft  lb  tools. 


The  outline  of  this  proposal  effort  has  been  forwarded  to  TCMRC 
for  approval. 


*  These  include  (1)  welded  joint  failures  at  the  side  restraint  due  to 

side  loads.  (2)  automatic  recycling,  (3j  bending  and  transverse  load 
failure  of  the  tool  point, 


'to 


v.  uiM  i.n, 


1. 


z. 


3. 


5. 


F.tirl.nrnt,  C.  ;mil  \V.  1).  1  ” 

Devclepmonls  in  { I:i  K  ./  |.  j  r 

Sir  jh  A ■  • ' it : ■  i i  1  >r  i  *1 : i  *  .i;n!  <  •  I . .  i- ;  i •  ;; 

Miniitjml'i .  (Oriulj  r  Tl-jj,  jv-o), 


I'm 'lii-  1 
•  I 

li  1  M  , 

)  >• 


*r  >  •  ;•! i  ft  i*  i:<! 

<li.  I  • 

1  ' .  «  %  *  t  \  . 

ti  .  i  >,• 


Reiehiviuih,  D,  II,  "Ctiri'fi  t'c  i,  or  Fm  e*1 
Kiiy.nii.ii  Proper  tL  .  <.f  lien  *.  ;  .r  K  -i  i-  .• 
cwl.  \Ji  t  h  -lie  » .  ?  -  nf  ci  (!'  f  0/  j'i  'it  " 
clW it  *' .• ,  l.c'lUb  *j)'  C,  f'.i ii\  1  V •; t,  U.l  x* v*  1 

Ferg.i  1 1  it iit  (1V6-).  p,».  33-61. 


P  *  •  j 11  1 .  1  1  , 
.  \  )  *1  i  lj  i  1/ 

1  •  '  In  1  1 

•l\  m  ,'n: 


•  l  J).i ■.  1 1 3 1 

SyU.  " 


Paul,  .1  ml  I).  L.  I.i.  "A  i'r 

J’em  lr  Pun  by  «‘i  Rigid  V.\  into  I’riitlf  l\ 
Tr:m,s-  .inn  (19c  >)  p;>.  373-31  i. 


t  !'•■!  -v  nf  Si  .  1  i( 
riil  "  /..v;n 


Miller,  M.  U.  and  P.  !..  SU;  1  ),i.  "O, .  'j, 

by  Throe -Dim,  »  »•»  -.1  Indcut.-t? .  "  j 

and  Mm  i ■  «:  Sen  ( 1 9655).  pp.  i7~J J. 


P.l.ol* 
«.r  j;.-> 


'• j  »/  !  (  1  I. 
Mr,,l‘in,i  r, 


Paul,  1*.  find 
liils  Produce 
(1967). 


^  O.i  np.ii  1 .  1  V.  Iiy  Cm, .;>»•*  t  .n  1  >:  fin 

Tensile  Splitting  in  Ilr*  I;."  ]-\,pcr  Nn.  S  )\-;239 


6. 


Aquino,  C.  F.  "Prediction  of  Fracture.'.  \)  i,;  to  a  P.:t  *>11*01  Strihin*' 
a  1.3 r i tl to  Half  Space.  "  (February,  1971).  Priv.-.tc  t 'vnm.mif  a  lion’ 
from  Bell  Labs. 


Hoiloiibcrg,  Joel  V..,  Chester  J.  Sliski,  and  Moke  id  b.  Cangel. 

Hipli  Energy  InijKict  Rock  Breakage  Research  Program  .Semi- 
Annual  Report.  "  (October,  1971),  Sponsored  b)  Advanced  Re- 
scarch  Projects  Agency.  Bureau  of  Mines  Contract  Ko  MOt  J 00-1 5. 

Simon,  It.,  D.  E.  Cooper,  find  M.  L.  Stoncman.  "The  Fundn  - 
mentals  of  Rock  Drilling."  Presented  at  Sprite:  Meeting  of  J!  stern 
District  of  API,  Divn.  of  Production,  Columous,  Oi  1 ...  AprifZa^ 
Z7,  lVab. 

Hartman,  H.  L.  "Simulation  of  Percussion  Drilling  in  the  Labora¬ 
tory  by  Indexed  Blow  Studies."  Proceedings  of  the  1st  Conference 
on  Drilling  and  Rock  Mechanics,  University  of  Texas,  (  IToTL 

Garner,  N.  E.  "The  Photoclastic  Determination  of  the  Stress 
Distribution  Caused  by  a  Bit  Tooth  on  an  Indexed  Surface." 

M.S.  Thesis,  University  of  Texas,  (January  1 96 1 ) . 

Evans,  I.  and  S.  Murrell:  "The  Forces  Required  to  Penetrate  a 
Brittle  Material  with  a  Wedge  Shaped  Tool.  "  Mechanical  Properties 
of  Non- Metallic  Brittle  Materials.  Inters cience  Publications.*^ 

(New  York,  195«). 


‘19 


Hatenyi,  M,  "A  Guiu'mI  Soltyifi  for  tie  Qu  r'.er  Sjvtee. 
J.  Appl.  Mrch.  (Man  h,  19V0).  ]>p.  V 0-76. 

Hatenyi,  T.i.  "A  Method  of  Solution  for  the  131;. *; tic  Quarter 
Plane."  J.  Appl.  Me  cm.  (.Time  1900),  pp.  20  7-296. 


A-  1 


APPKNPJX  A 


fables  ]  through  6  give  the  summary  of 
observations  made  during  the  drop  tower  test!  g  for 
edge  fracture.  Blow  energy  is  in  ft  lb  and  the  weight 
of  the  rock  removed  is  in  pounds. 


Table. 

a 

Tool 

1 

1  . 

2  1,1  * 

Spherical,  7/16"  dia. 

2 

1  in.. 

Spherical,  7/16  '  dia. 

3 

2  in. 

Spherical,  7/16"  dia. 

4 

j  in. 

90*  Wedge,  2  in.  long 

5 

1  in. 

90*  Wedge,  2  in.  long 

6 

2  in. 

90*  Wedge,  2  in.  long 

Quantities  b,  h,  and  volume,  and  the  statistical 
evaluation  can  be  found  in  Appendix  B.  Determination  of 
tho  critical  energy  has  been  explained  in  the  test  in 
subsection  5  of  the  chapter  on  Edge  Fracture. 


SO 
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TAJALK  1 


KlUI  NO. 

BLOW 

NO.  CP 

P  7  01:3 

TOTAL  BLOW 
_ _ _ ivj.y 

WEIGHT  OP 
ROCK 

ri::-:o*  o 

163 

7.92 

2 

15.34 

0.113 

164 

3 

23.76 

0.194 

165 

2 

15. G4 

0. 163 

167 

2 

15.  C  l 

0.15? 

163 

2 

15.04 

0.0233 

170 

11.9 

2 

19.02  * 

0.245 

171 

2 

23.0 

0.155 

17'. 

▲ 

13.9 

0.0707 

17? 

1 

11.9 

0.146 

16? 

3 

11.9 

0.0706 

154 

47.5 

1 

47.5 

0.157 

155 

1 

• 

47.5 

0.258 

156 

1 

47.5 

0.181 

157 

1 

47.5 

0.121 

15S 

1 

47.5 

0.197 

*  Smaller  Second  Blow. 


*1 


TA  Jjj  J  .1 :  i 


S»:”-y.r.y  of  vl7_0}\  ycvgui  tket'-'  .1] 


HUH 


n«) 


BLOW 

BHIUVGY 


NO.  OH  TOTAL  i -LOW 

BLOWS _ 


].5(i 

31.4 

1 

31.4 

15  7 

1 

31.4 

140 

2 

02.8 

15.'; 

2 

02.0 

J  4it 

«• 

02.8 

14  3 

47.5 

1 

47.5 

14.1 

1 

47.5 

14c 

1 

47.5 

14  j 

2 

95.0 

144 

1 

47.5 

133 

95.0 

1 

95.0 

13:* 

1 

95.0 

135 

1 

95.0 

137 

1 

95.0 

I3c« 

1 

95.0 

13.4 

- 

1 

95.0 

139 

1 

95.0 

SK 


ML  IG’iT 
I:OCK 
JliLOliL 

0.25 

0.25 

0.75 

0.50 

0.70 

0.75 

0.50 

0.05 

0.00 

0.75 

0.35 

1.00 

1.50 

0.25 

0.50 

0.25 

0.35 


■J'Ai'.L).; 


SUf* 


or  r.  v.'ip  Tc.-.T.r  */•?:.; to 


JV  K'  _KO_. _ 

IJf.Ow 

vv.’T.; 

no.  o:r 

TOT/M.  :*TXT-v: 

•  .  j  .  l  L 

V.'LlGir’f  Or 

hoc:;; 

n:**v  * 

9 

104  5 

1 

104  :> 

4.0 

10 

1045 

1 

104  5 

11.0 

12 

230 

J 

230 

3.0 

13 

230 

9 

1711.5 

14.0 

<11 

230 

j 

230 

5.5 

<12 

190 

1 

190 

4.0 

<13 

14  3 

1 

14  3 

1.0 

44 

143 

4 

572 

7.0 

45 

143 

1 

143 

2.5 

40 

14  3 

1 

143 

1.5 

47 

14  3 

] 

143 

3.0 

40 

190 

9 

4  20 

12.0 

49 

95 

285 

•  6.5 

50 

95 

5 

475 

3.5 

51 

95 

3 

285 

6.5 

52 

95 

2 

190 

1.5 

54 

238 

1 

238 

1.2 

55 

230 

2 

476 

12.0 

56 

238 

2 

476 

1.15 

57 

238 

1 

23e 

8.5 

58 

238 

3 

574 

3.5 

59 

238 

1 

238 

2.75 

60 

574 

3 

238 

1.75 

61 

520 

1 

520 

4.5 

62 

520 

1 

520 

0.465 

63 

520 

1 

520 

3.0 

64 

520 

1 

520 

8.5 

/  *  •• 


r A l:\Al  •] 


r.T.o” 

MO.  OV 

....  8J.ov.;. _ 

to i\\h  n;.ov; 

j  /  •  ■ ;  ry 

her;; 

_  _ r 

175 

19.0 

2 

38.0 

0.318 

184 

2 

38.0 

0.288 

185 

1 

19.0 

0.030 

186 

5 

95.0 

0.3  95 

3  09 

4 

38.0 

0.324 

177 

25.4 

2 

50.  B 

0.115 

178 

5 

127.0 

o 

• 

to 

«o 

180 

1 

25.4 

0.15? 

18.1 

1 

25.4 

0.177 

18? 

1 

25.4 

0.174 

103 

2 

50.0 

0.106 

176 

30.0 

l 

38.0 

0.0  30 

190 

1 

38.0 

o.';.s7 

191 

1 

38.0 

0.422 

192 

1 

38.0 

0.186 

193 

1 

38.0 

0.161 

*1 


su;-‘.  p.y 

HJ.GW 

TAj’.Lr;  5 

-CvZL  ji  iii  y  ’.'.v.j  i  •  ’ 

i:o.  o."‘ 

•jj 

rs v 

TO iTAT.  131, o;* 
ivy 

A-  { i 

WKictpr  o? 

PT  fjr  ) 

127 

39.6 

6 

310.0 

1.75 

128 

5 

237.6 

1.25 

130 

2 

79.2 

0.0 

12G 

7  • 

316.0 

0.5 

125 

3 

118.0 

0.6 

107 

40.5 

1 

48.5 

1.0 

109 

2 

97.0 

2.0 

110 

52.8 

3 

184.0 

1.25 

124 

79.2 

1 

79.2 

1.40 

123 

2 

214.2 

1.50 

122 

1 

79.2 

C  .8 

121 

1 

79.2 

0.8 

120 

1 

79.2 

1.25 

113 

2 

158.4 

2.25 

112 

4 

316.8 

1.0 

129 

1 

79.2 

0.6 

114 

118.8 

1 

118.8 

1.2 

115 

2 

237.6 

0.7 

116 

1 

118.8 

2.0 

117 

1 

118.8 

1.0 

118 

1 

110.8 

1.2 

119 

1 

118.8 

1.0 

131 

316.8 

1 

316.8 

1.25 

•  134 

1 

316.8 

1.5 

5>' 

I 

I 

I 

I 

I 

[ 

[ 

[ 

[ 


I 


I 


A- 7 


TA  J ,  i  j  U  6 


RUM  NO. 

SUMMARY  or  'IF-’CP  VC.." 

mo;.;  ko.  of 

knfrvjy  :jluws 

'•_vrr  Yil.y.l 

'i’OT/.l .  IU..OW 

r!'.vir;y 

W8ICKT  01 
ROCK 

FJ.:v.o\Tr> 

95 

145.5  1 

145.5 

6.0 

83 

2 

19*1 .0* 

7.25 

82 

2 

194.0 

6.0 

79 

2 

194.0 

11.0 

86 

3 

339.5 

9.5 

85 

O 

339.5 

8.25 

80 

2 

194.0 

8.5 

81 

194.0  1 

194.0 

6.75 

78 

1 

194.0 

6.5 

76 

1 

194.0 

6.5 

75 

1 

194.0 

8.0 

74 

1 

194.0 

8.5 

87 

2 

242.0 

6.25 

77 

1 

194.0 

6.5 

88 

238.0  1 

238.0 

4.5 

89 

l 

238.0 

8.5 

90 

1 

238.0 

10.0 

91 

1 

238.0 

10.0 

92 

1 

238.0 

10.0 

93 

1 

238.0 

9.0 

94 

1 

238.0 

10.0 

73 

1 

238.0 

7.0 

*  Multiple  blows?  each  blow  of  the  set  of  blows  is  not 
necessarily  of  equal  magnitude. 
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A  short  compute:*  p» ...  .r.*>m  wn  wriian  (<>  determine 
averages,  lilc-.'ib,  stand  id  dovJ.a! mr.'i  nf  Ihi  r|n:ixti:i«  ;  l.»j,  b,, 
b,  h,  and  10  using  tin.*  weighing  fmtc ttoi.s  d cs c  rilicd  in  the  tox*. 

1  lift  output  fii*:«t  list.s  .  )i  thft  iiiK  <ufo:1  valuer.  of  bj | 
b^,  b,  and  weight  of  took  v.  nn  v,  :!  tit- : ■  ii;j«  e.trh  to;  I  with  th,« 
pointed  and  wedge-  »:).*. pod  huientu  >.  M.ci  tljen  -.bows  On;  slat:* 
--i.c.,  nveragej,  tnK-iir,  v  ad  s  \  ■  •nde  rd  ciev  js.  lionr  in  each 
variable.  Interpret  ?•!  :*s  bj,  >*.?.  I*  11  us  h  in  the 


printout.  The  95%  confident. e  1 1 1 1-; ; t •*.  imply  that  one  ]  .is 
a  95%  confidence  that  the  true  ;  vrr;  go  cif  the  global 
sampling  will  fall  within  thc:«e  limits  obtained  from  the 
experimental  data,  These  limits  r  re  not  shown  in  tin 
attached  printout  but  were  calculated  and  used  in  pre¬ 
paring  Fi  'urcs  12  and  16  in  the  text  (plots  of  b  and  h 
vs  a). 
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*♦  %  ’*  Nil 

.  <,  (•  r, 

1 A  6 

4  7.50  u 

J.f.yO 

2.750 

3r  *, 

3,  M.n 

.  750 

133 

.03 

1.000 

2.000 

2 . 9  <'  (• 

3,02'; 

.:<•■) 

13? 

S ,  0  0  0 

1  ,!?J0 

3.5-0 

;  '•  y 

— 

i 

135 

95,000 

1 ,000 

3 . 0  0  0 

7*0 

;  ,50  9 

137 

95.000 

1  .090 

2.500 

1  .250 

2,  r:.o 

•r-”,o 

136 

95.000 

l.COO 

1  .500 

3.750 

2,750 

.500 

ne 

95.000 

1.000 

1.750 

!.750 

?,  ruo 

,25'y 

139 

95.000 

1  .000 

3.250 

1  .SO  0 

2.750 

.  •  .V-.P 

47 

143.000 

2.000 

6. COD 

5.500 

5,500 

3,000 

46 

143.000 

?.ono 

4.000 

3.00,' 

2.500 

1,500 

45 

143.000 

2.000 

3.000 

6  .  (*  ti  0 

5.0  CP. 

2.500 

43 

143.000 

2.000 

1  .250 

2,500 

3.750 

l.OOC 

42 

190.000 

2.000 

7.000 

7.000 

7.000 

4,000 

41 

23*. 000 

2.000 

4.000 

7.0U0 

7.000 

5.530 

54 

233.000 

2.000 

1.500 

2,500 

6.500 

1.200 

57 

230.000  .. 

2.000 

P.000 

6,500 

9.000 

8,500 

59 

230.000 

2.000 

6.000 

4.000 

4.  COO 

2.750 

12 

230.000 

2.000 

2.250 

6.000 

6.000 

3.000 

11 

523.000 

2.000 

9.000 

9.000 

6.000 

6.500 

61 
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5.000 

7.000 

6.500 
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4,000 

•  500 
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9 
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4.000 

52 
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1.500 

51 
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.  6.000 

6.500 

50 
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12.000 

44 
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Wo  have  ignored  in  the  earlier  fujnlyjir.  any  anisotropy  present  in 
the  roe!;.  Tin*  analytical  problem**. Hum.  anisotropy  is  included  become 
complicated,  and  on  the  experiment:!  side,  the  number  of  teets  required  to 
obfc'in  statistically  meaningful  data  becomes  astronomical. 


A  simplifying  assumption  can  he  introduced  in  that  the  clastic 
properties  (L  and  v)  can  be  assumed  to  be  isotropic.  Tills  assumption, 
although  it  cannot  be  defended  too  virortnsr.lv,  lets  one  use  the  available 
solution  to  yield  some  estimate  of  volume  removed  .::ul  critical  energies 
required  to  initiate  the  fractut c.  Let  us  further  a r.ritvnc  that  the  elastic 
axes  art  parallel  to  the  edges  of  tin:  hint)..  Finn  II*,  in  view  of  the  layered 
nature  of  granite*  wt  van  Resume  strength  properties  in  directions  1  and 
2  (see  Figure  C-l)  to  be  the  ramc.  Thur., 


where  rubscripts  1,  2,  and  3  represent  the  directions  shown  in  Figure 


A  total  of  six  edge  fracture  combinations  are  possible  as  shown  in 
Table  C-l.  Of  these  six  (refer  to  Fig.  C  -1),  numbers  i  and  3  (now  labeled 
Mode  M-l)  arc  identical,  numbers  2  and  4  (labeled  M-2)  are  identical,  and 
numbers  5  and  6  (M-3)  arc  identical. 

Now,  as  before,  when  o  =  e,  ,  the  fracture  initiates.  Thus,  in  genera 

xmax  li 

there  will  be  three  different  critical  energies  but  since  is  the  same  in 
two  of  the  directions,  two  of  the  energies  will  be  identical.  Let  us  use 
subscript  "i"  to  designate  these  energy  levels  as  follows; 


*  Wagner  U  Drown.  "Layered  Igneous  Rocks.  "  Freeman  L  Co. 
(San  Francisco,  1967). 
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Figure  C-i;  Face,  Edge  and  Fracture  Mode  Designation 


'  fracturing 
ir.lo  ruri'oco 


Mo:’p 


tool  norr/.ul  j 
to  surf  a  cyr 


TABLE  C -I 
FRACTURE  MODES 


Example:  A-B  means  tool  is  normal  to  the  face  A,  and 
the  breakout  is  to  the  face  13  as  illustrated  by  M-)  in 
Figure  C-l. 
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Tl’.c  f  i*u  *».*,«  rU  *  t  d  iji  !i.  i:<olrr.,.ic  c.ih**  by 

and  h.  Nc.v  l  ,i»m<  «.  o  i.ii:  i  n*  i.f  t.  and  li  r j  .>  .  i  •  •  «s . 


li.  t  b4  —  l  f  i#  fo.**  ,  )  in  J  .*bli  C  *li 

1  i 


Also,  the  volumes  nrc  p/v.  n  l>y 

V.  =  4  n  1..  h 

I  3  i  i 

i  =  j  in  3  record  ng  to  Modi  minihev  Tvl*  1  to  M-  Plate  C- 1  iicavly 
sliov/f  i lie  lln  i:*'  c’i  tint  !  volmm  .  consigned  lo  the  three  n*nd(*».  Thu*  , 
tin  co  ciiffoi'i  nt  volume:*  should  also  In  expected.  In  >  pit*-  of  Use  lot-:  to 

test  vr.r in l lor.  in  roc*.,  such  «T $ .•*  1  j n«* ti *><)  in  the  voh'iv.us  v  ns  infixed  ohr«  rved. 

When  fracture  occurs  in  Modus.  M-l  end  M*  3,  or..'  uses  o.  -  * 

1  ll 

and  for  M-2,  use  ;  ~  n  .  Tint?,  the  fracture  energy  for  Mode  2  is  l.-.rpor 

^  l3 

litnit  ihtl  for  Modes  M-  1  and  M-3.  Since  l»  end  h  depend  ott  peak  leads 
at»J  tensile  siren,  lit? ,  three  distinct  fracture  volumes  will,  in  genera.',  be 
observed,  Plate  C.-l  shows  typical  fractures. 

In  practice  the  alignment  between  geometric  and  clastic  axes  is 
difficult  to  achieve,  although  the  mining  and  cutting  operations  tend  to  pro-, 
dure  some  alignment.  The  effects  of  inis -alignment  can  be  reduced  some¬ 
what  by  selective  averaging  technique.  On  Pigurc  C-2  \vr  show  the  experi¬ 
mental  data  from  Table  3,  Appendix  A.  It  is  estimated  that  in  two  of  the 
direction?  the  critical  energy  is  of  the  order  of  95  ft  lb  while  in  the  third 
direction  it  may  be  as  high  as  238  ft  lb.  In  breaking  out  at  a  single  blow  at  the 
lower  energy  the  rock  volume  is  smaller  than  that  when  breaking  out  at  higher 
blow  energy.  Thus  in  one  of  the  directions  the  critical  energy  is  higher 
and  the  breakout  volume  is  larger  while  in  the  other  two  directions  critical 
energy  is  smaller  and  there  are  two  different  volumes  that  breakout  at  this 
level.  The  available  data  seems  to  be  consistent  with  the  above  concepts. 
However,  the  total  number  of  tests  is  too  small  to  allow  any  positive  (or 
negative)  conclusions. 
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Plate  C-l:  Typical  three-inode  fractures 
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2}ifx/o  eri mental  Data 


FIGURE  0-2 

V-E  Characteristics  for 
Orthotropic  Roc’; 


Energy  in  ft  tbs. 
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